word count: 301 Manuscript word count: 8,130 Abstract 1 The Pseudomonas fluorescens genome encodes for 50+ proteins involved in c-di-GMP 2 signaling. Here, we demonstrate that when tested across 188 nutrients, these enzymes and 3 effectors appear capable of impacting biofilm formation. Transcriptional analysis of network 4 members across ~50 nutrient conditions indicates that altered gene expression can explain a 5 subset, but not all, of biofilm-formation responses to the nutrients. Additional organization of 6 the network is likely achieved through physical interaction, as determined via probing ~2000 7 interactions by bacterial two-hybrid assays. Our analysis revealed a multimodal regulatory 8 strategy, using combinations of ligand-mediated signals, protein-protein interaction and/or 9 transcriptional regulation to further fine-tune c-di-GMP-mediated responses. These results create 1 0 a profile of a large c-di-GMP network that is used to make important cellular decisions, opening 1 1 the door to future model building and the ability to engineer this complex circuitry in other 1 2 bacteria.
1 7 1 blue: lower ratio than WT; black: not significantly different from WT). We therefore are able to 1 7 2 view data points from mutants which differ from how the wild-type behaved in the same carbon from driving the outcome of the analysis (see Figure 2A ). Squares that are black therefore do not 1 7 5 necessarily represent nutrients conditions with no phenotype for that mutant, but represent 1 7 6 instances where the mutant did not respond significantly differently from WT to a given condition. This analysis thus provided us an opportunity to examine how mutants behaved in 1 7 8 specific nutrients irrespective of their general phenotype. An immediately apparent finding is the heterogeneity of phenotype that a given mutant 1 8 0
can have in particular carbon sources. No class of mutations in GGDEF-, EAL-, Dual-or PilZ-1 8 1 encoding genes was exempt from producing higher and lower biofilm than expected compared to 1 8 2 wild type under particular nutrient conditions (Figure S2) . Further, no class of nutrients tended 1 8 3 to generally promote significantly different biofilm levels. The lack of association between 1 8 4 particular kinds of nutrients and the phenotypes of particular classes of mutants may indicate that 1 8 5 different enzymes in the network respond to different input conditions. carrying mutations in the network, we plotted the percentage of conditions with a biofilm 1 9 0 phenotype (decreased or increased) as a function of each mutant (Figure 2B) . These data show 1 9 1 that some mutants display a biofilm phenotype in a large number of the conditions tested. For showing the nutrients). Figure 3A and Figure S4A shows that for most genes and for most 2 3 2 nutrients, the change in gene expression is <2-fold. However, there are several instances where 2 3 3 specific nutrients increase or decrease gene expression from 2-8-fold. We found that the gene to validate our transcriptional analysis. These data indicate that the degree of transcriptional 2 3 7 response to any particular nutrient, when such a response is detected, in quite modest (~2-fold). A few nutrients drive the largest changes in expression of genes in the network. In a large 2 4 0 network of many related c-di-GMP proteins, one may consider two general methods of gene 2 4 1 regulation. The first is to have one or a small number of c-di-GMP-related genes dramatically 2 4 2 up-or down-regulated to a given condition, such as the response of rapA in low phosphate. An 2 4 3 alternative strategy would be to finely regulate a larger number of genes in the network at the 2 4 4 same time to produce a desired c-di-GMP output. To test this idea, we examined which nutrients 2 4 5 cause the greatest fold-increase and decrease in each gene compared to the BMM. If groups of 2 4 6 1 3 genes are not regulated together under the same conditions, we would expect that the nutrients 2 4 7 causing the largest changes compared to the base medium to be different for each gene. Conversely, if genes are regulated together, we would expect the same carbon sources to be 2 4 9 responsible for the largest fold changes in several genes across the network. We found that six nutrients -m-tartaric acid, glycogen, D-ribose, D-galactose, L-proline, 2 5 1 and the low phosphate condition -are responsible for the highest recorded expression of 26 2 5 2 genes in the network (Table S6 -bolded nutrients). Intriguingly, this same group of nutrients is compared to the BMM among these genes varied greatly, from near baseline to up to five-fold. Furthermore, m-tartaric acid and glycogen were found to be among the highest and lowest biofilm-promoting nutrients we tested (Table S3) . Notably, these two nutrients were responsible 2 5 7 for a majority of the peak high and low transcriptional values, impacting 18 and 10 genes, respectively (Table S6) . Overall, 12% of the tested nutrients appear to create the largest 2 5 9
transcriptional changes in half of the genes in the network, suggesting that at least for some 2 6 0 nutrients that do impact transcription, they may do so across many genes simultaneously. Growth on a surface minimally impacts expression of genes in the c-di-GMP network.
6 3
Previous studies in pseudomonads showed that growth on a surface increases c-di-GMP levels 2 6 4 compared to growth as planktonic cells (35) (36) (37) . Thus, we compared the expression of all genes 2 6 5 in the c-di-GMP network for a select set of nutrients in liquid medium versus the same medium 2 6 6 solidified with 1.5% agar. Specifically, we investigated gene expression on K10T-1, K10T-1 2 6 7 with low phosphate, BMM, as well as the BMM supplemented with citrate, pyruvate, and L-2 6 8 methionine ( Table S7 ). The data were plotted as a ratio of the high c-di-GMP to the low c-di- gene, which has previously been described as being important in early surface attachment (38) 2 7 3 was significantly more highly expressed when cells were grown in liquid, while the genes 2 7 4
Pfl01_0050 and Pfl01_1336 were significantly more highly expressed when cells were grown on Pfl01_0050 exhibited less than a 2-fold change. Based on the modest dynamic range we 2 7 7 observed for most genes in the c-di-GMP network when exposed to different chemical 2 7 8 compounds ( Figure 3A) , it may possible that these differences in expression could be sufficient to impact the role of these genes in the response of cells to a surface. shown c-di-GMP can regulate transcriptional levels of genes through riboswitches, although 2 8 5 there have been no reports of such structures in P. fluorescens (7, 40) . Thus, we assessed the 2 8 6 impact of modulating c-di-GMP levels on expression of genes in the network by selecting two 2 8 7 strains of P. fluorescens that produce low and high levels of c-di-GMP, respectively. The 2 8 8 previously reported ∆ 4DGC mutant lacks the GcbA, GcbB, GcbC, and WspR DGCs, fails to 2 8 9 make a biofilm in K10 medium, and produces 2-fold lower c-di-GMP than the wild-type strain 2 9 0 (41). Conversely, the GcbC R366E mutant contains a point mutation in the auto-inhibitory site of 2 9 1 1 5 this DGC, producing over 10-fold more c-di-GMP than the ∆ 4DGC strain (41). Three biological 2 9 2 replicates of each strain were grown on BMM and analyzed via Nanostring (Table S8 ).
9 3
Most genes showed changes of <2-fold (Table S8) , indicating that this large c-di-GMP 2 9 4 network does not broadly rely on a core global level of intracellular c-di-GMP to regulate the 2 9 5 transcription of other members of the network, although there is a small set of genes whose 2 9 6 expression is significant impacted by c-di-GMP levels ( (the homolog of the P. aeruginosa sadC gene) was up-regulated 2.4-fold in the high c-di-GMP 2 9 8 mutant compared to wild-type. This result was significant (p<0.01, t-test with Benjamini-2 9 9
Hochberg correction comparing the low and high c-di-GMP producing strains). The sadC gene is 3 0 0 known to be important in early surface responses. Additionally, Pfl01_0190, Pfl01_5255, and 3 0 1
Pfl01_5518 also show significant and greater than 2-fold differences in expression, between the 3 0 2 low and high c-di-GMP strains tested here, indicating that transcription of only a small portion of 3 0 3 the network is sensitive to large swings in intracellular c-di-GMP concentrations. fluorescens showed that, with the exception of rapA in low phosphate, these genes do not show 3 0 8
large variations across the conditions tested. To address whether a similar pattern of expression 3 0 9 of CDG genes is found in another related organism, we analyzed the large number of microarray 3 1 0 experiments that have been conducted in P. aeruginosa. Using the tools developed by Tan et al. First, to assess whether the broad characteristics of expression of CDG genes in P.
fluorescens Pf01 are also seen in P. aeruginosa we compared the overall expression of CDG 3 1 6 genes in both organisms. To do this analysis, we normalised the expression of genes between 3 1 7 experiments in the compendium by converting all expression data to values between 0 and 1 3 1 8 according to how they compare to the highest and lowest reported value for each experiment, with the highest value becoming 1 and the lowest value becoming 0. We compared summary 3 2 0 statistics of these normalized data to our counts per 1000 normalized Nanostring data (see Table   3 2 1 S5). We calculated the median expression for CDG genes in both datasets, as well as the median 3 2 2 of non-CDG genes, which we defined as genes coding for proteins without a GGDEF, EAL, HD-3 2 3 GYP, or PilZ domain. We also included the Pho-regulon in the P. aeruginosa PAO1 domain-encoding genes are more highly expressed (Figure S5A) , is also observed for P. encoding genes is lower in P. aeruginosa PAO1. Given that the methods used to assess gene expression differ between P. aeruginosa 3 3 1 PAO1 (microarrays) and P. fluorescens (Nanostring), we sought to use a common metric to 3 3 2 compare variation in gene expression between the two microbes. We calculated the coefficient was similar between the two organisms as judges by this metric, with both organisms exhibiting 3 3 6 lower variability in CDG gene than the median of non-CDG genes (Figure S5C,D) . Conversely, the variability of genes in the Pho regulon was higher than that of most non-CDG genes ( Figure   3 3 8 S5D). Together these data suggest transcriptional regulation across multiple growth conditions is 3 3 9 not likely a major factor controlling the contribution of genes involved in the c-di-GMP network To investigate potential transcriptional co-regulation common to both organisms, we Nanostring datasets. In P. fluorescens we found that several genes seem to correlate strongly and Evidence for nutrient-mediated, non-transcriptional control of proteins in the network. We and Nanostring were associated with changes in either biofilm formation, gene expression, both 3 5 5 or these phenotypes, or neither ( Figure 3B) . In most cases that was no link between a change in biofilm formation in a particular 3 5 7 mutant and a change in expression of a c-di-GMP-related gene in that condition (Figure 3B) . However, we did observe instances of biofilm phenotypes that are associated with differences in 3 5 9 GMP network by controlling enzyme activity. tested, these findings did not appear sufficient to explain how this larger network might be 3 7 4 ordered to prevent cross talk among its many enzymes and effectors. Furthermore, physical 3 7 5
interaction as a mechanism of signaling specificity has precedence in a number of bacterial c-di-3 7 6 GMP systems including E. coli, P. aeruginosa, and Xanthomonas axonopodis. (13, 43, 44) . In P. it is largely unknown how common physical interaction is among enzymes and effectors in the 3 8 0 network, whether a given protein may have a single or many interaction partners, or if a given 3 8 1 type of c-di-GMP protein is more or less likely to form physical interactions than others. To address these questions, each c-di-GMP related gene in P. fluorescens was cloned into 3 8 3 both "bait" and "prey" vectors of a bacterial two-hybrid (B2H) system to assess the capacity of Several dual-domain proteins showed a relatively high capacity for interaction with other 3 9 1 network members (Figure 4A) . In particular LapD, Pfl01_0192, Pfl01_1252, Pfl01_2525, Table S9 ).
9 7
DGCs showed a highly variable propensity to interact (Table S9 ). 14 DGCs appear to 3 9 8 participate in physical interaction, having between one and eight interaction partners. Interestingly, the four DGCs previously found to be necessary for biofilm formation under proteins interact with other members of the network (Figure 4A) . Among the five EAL domain-4 0 7 containing proteins, only Pfl01_2920 was found to interact with two DGCs and LapD. Likewise, domain proteins (Fig. 4A) . Together, these data indicate that a number of the proteins in the 4 1 2 network have the potential to interact, and thereby potentially form signaling complexes. transcriptional regulation, we next tried to determine how much of a role physical interaction 4 1 7 might play in contributing to signaling specificity in the network. To perform this analysis, we 4 1 8 assessed the conditions wherein both members of an interacting pair of proteins also displayed a 4 1 9 significant biofilm phenotype when mutated. We scored these biofilm phenotypes based on 4 2 0 whether they were in the same direction (i.e. both enhanced biofilm or both reduced biofilm) and (Figure 5A) . This analysis shows that most interaction partners impact biofilm in only impact biofilm formation in a few conditions, overlap in most of those conditions. Furthermore, given that the biofilm formation is impacted under a common growth condition. It is also not 4 2 9
surprising that overlapping conditions between interaction partners are generally consistent in 4 3 0 being all in the same direction or all in the opposite directions, as mutants generally only 4 3 1 impacted biofilm formation in one direction. However, it is worth noting that interaction partners 4 3 2 seem equally likely to act on biofilm formation in the same direction as they do in opposite Intersection between B2H and transcriptional control. We next examined possible overlap 4 3 8 between proteins that interacted with one another and were coordinately expressed. We scored (Figure 5B, Table S10) . Interesting, some genes that only showed In this study, we investigated the c-di-GMP network of P. fluorescens. We selected this 4 5 1 model organism because it has one of the best-understood c-di-GMP circuits, from input to of the network. We propose that this multimodal strategy of controlling c-di-GMP-mediated 4 6 0 outputs ultimately provides fidelity and specificity to the network. We found that a majority of c-di-GMP related genes in P. fluorescens impact biofilm 4 6 2 formation when mutated and tested under a large array of conditions, indicating that context is 4 6 3 key for understanding the function of these large signaling networks. Further, this context 4 6 4 appears to shape the organization of the network in several ways. We found that transcriptional conditions. It was also rare for any given nutrient and any single gene that a transcriptional 4 6 7 change to be solely responsible for an observed biofilm defect. Despite this observation, we did 4 6 8 find that a small number of nutrients were responsible for the largest (albeit modest) change in 4 6 9 expression for many genes. For example, we identified several groups of genes whose expression suggesting co-regulation. Given this finding, we speculate that some genes in the c-di-GMP 4 7 2 2 3 network may be regulated as "suites", and coordinated 2-to 5-fold changes to a single nutrient 4 7 3 across 8 to 12 genes may be an effective method of governing the network by controlling which 4 7 4 proteins are present under that given environmental condition. Why would these nutrients in relevance of D-ribose and glycogen is less clear. Finally, given that many of the members of the 4 7 9 c-di-GMP network, including those encoded by these suites of genes, also have putative ligand 4 8 0 binding domains, it is quite possible that more that one mechanism regulates the function and/or 4 8 1 specificity of these network members.
8 2
Physical interaction was also found to play a role in the network. In comparison to our conditions. The remaining pairs shared phenotypes between 1 and 25 nutrient conditions. We indicate that physical interaction occurs among network members that can exert their influence 4 9 0 in similar environmental conditions. Such a combination of common nutrient inputs among 4 9 1
interacting proteins provides one of the strongest findings supporting the concept of multimodal interaction pair is relevant. Alternatively, some of these enzymes and effectors may interact but 4 9 5 are alternatively activated in differing environments. The potential for physical interaction, especially among the DGCs and the LapD receptor 4 9 7 is potentially informative regarding signaling specificity. We reported previously that GcbC and that LapD forms a dimer-of-dimers "basket", with space for a DGC to nestle within the basket -5 0 0 it is possible, for example, that all DGCs that interact with LapD have the potential to form this 5 0 1 signaling complex. Furthermore, given that many DGCs have associated ligand-binding of DGC activity, could be a general mechanism of signaling specificity. Finally, the propensity 5 0 5 of members of the network to interact indicates the possibility that "local" signaling is a common 5 0 6 aspect of the network, and any models describing how the network functions cannot ignore this 5 0 7 feature (49).
0 8
We also identified a number of putative DGCs that worked 'against type', whereby their 5 0 9 absence actually resulted in an increase in biofilm formation in a number of conditions at varying 5 1 0 frequencies. Previous work has shown that the DGC GcbA in P. aeruginosa is partly responsible 5 1 1 for modulating a PDE linked to dispersal of biofilm (50), providing some precedence that DGCs 5 1 2 do not necessarily have to promote biofilm formation. However, we note here that two DGCs tested, suggesting the mechanism of their impact on biofilm formation of some of these enzymes 5 1 8 may be different from what was reported for the P. aeruginosa GcbA enzyme. It is not 5 1 9
inconceivable that physical interaction may play a role in this phenomenon as well, with DGCs 5 2 0 blocking effectors until the correct nutrient/ligand activates the DGC, whereupon catalytic 5 2 1 activity is initiated or structural rearrangements cause the enzyme to change its interaction 5 2 2 profile.
2 3
While we have provided insight into the how a large c-di-GMP network is organized and 5 2 4 regulated, we note that there are also several hurdles to interpreting the results presented here.
2 5
One alternative explanation for the high percentage of c-di-GMP related proteins impacting 5 2 6
biofilm is that they are in fact responsible for different cellular process that indirectly have an 5 2 7 impact on biofilm formation. It is also likely that the nutrients tested here do not represent the 5 2 8 complete collection of environmental cues that these enzymes and effectors respond to in terms 5 2 9 of catalytic activation and transcriptional regulation. Indeed, the largest transcriptional change observed was for rapA, the PDE up-regulated in a low phosphate condition, suggesting that 5 3 1 inputs other than organic compounds can impact the network. Further, we note that several 5 3 2 transcripts measured in our Nanostring experiments showed very low expression under most 5 3 3 conditions. Still, we find it compelling that a small subset of nutrients produced both the highest 5 3 4 and lowest transcriptional changes of a small number of genes, indicating that genes may be 5 3 5 regulated as suites in addition to being regulated individually by highly specific input signals.
3 6
Finally, we note that the bacterial two-hybrid only presents evidence of which proteins interact with each other (or not) in a heterologous host under one growth condition (i.e., LB). That is, it is incompetent for interaction. Additionally, there may be further interactions we were not able to 5 4 1 observe in this system, either because the protein is unstable/unable to function outside of its 5 4 2 native host, or alternatively because the interaction was not observable under our assay 5 4 3 conditions.
4 4
Taken together, our results show that this large c-di-GMP network is a dynamic system 5 4 5 capable of responding in specific ways to a variety of inputs with individual members able to 5 4 6 take on different functions under differing circumstances. Importantly, we identified numerous network. Future studies will be required to examine the detailed mechanisms of ligand 5 5 2 recognition, physical interaction among member proteins, and transcriptional regulation of genes 0 In cases where these two databases predicted different domain architecture over the same amino cases. If a gene/protein name has been assigned/reported, it is also shown here. All recurrent conditions wherein the mutant shows a biofilm phenotype, defined as a value significantly 8 5 1 different than the mean WT value using the test described in the Materials and Methods. The 8 5 2 height of the bar above and below the origin indicates the number of conditions that each mutant 8 5 3
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